Abstract. Ultraviolet (UV) radiation is known to cause oxidative stress, inflammation, DNA damage and apoptotic cell death; however, many details of these malign mechanism have yet to be elucidated. In this study, the exposure of adult human epidermal keratinocytes (HEKa) with UVB (>100 mJ/ cm 2 ) resulted in the significant increase of intracellular zinc that was released from its storage and was detected by fluorescent zinc indicators. Toxicity testing revealed that UVB-induced zinc release in HEKa is associated with HEKa cell death. Cells that showed elevated intracellular zinc fluorescence upon UVB exposure were also stained by propidium iodide (PI), a traditional viability indicator whose fluorescent signal is as a result of its intercalating with DNA fragments and is unaffected by zinc concentration, showing significant colocalization [Pearson's correlation coefficients r=0.956 (n=6)]. The cytotoxicity of zinc was also determined by an MTT assay after applying the exogenous zinc (ZnCl 2 ) along with its ionophore pyrithione (20 μM) into HEKa culture medium. A significant reduction in cell viability as a function of both zinc concentration and exposure time was observed. The treatments of 1, 10 and 100 μM ZnCl 2 with pyrithione demonstrated 2.3, 60 and 84% cell deaths, respectively (control 0.5%) after 30 min. ZnCl 2 (100 μM) was also found to induce complete HEKa death after 1 h. Thus, the present study demonstrates that UVB irradiation-induced increased zinc is detrimental to HEKa viability, and zinc may be a necessary step in UVB-induced cell death signaling pathways.
Introduction
Zinc is an abundant transition metal ion in cells, and is an important structural and functional component in many cellular proteins and enzymes (1, 2) , such as in zinc finger transcription factors and metallothioneins (3, 4) . Zinc is normally tightly regulated, limiting the extent of intracellular labile (free) zinc concentrations ([Zn 2+ ] i ) (2, 5) ; therefore, an excessive increase in zinc is generally believed to contribute to cellular demise (6, 7) . Several lines of evidence indicate that oxidative and nitrosative stress lead to an increase of intracellular zinc and that zinc cytotoxicity may, in turn, stimulate and interfere with vital signaling pathways (8) (9) (10) . This zinc cytotoxicity proceeds with observable signs of necrosis such as cell body swelling and destruction of intracellular organelles as well as signs of apoptosis such as DNA fragmentation and caspase activation (7, 8) .
Ultraviolet (UV) light has been recognized as the major environmental causative factor in skin cell damage. Particularly, the ultraviolet B (UVB) irradiation of human skin is known to induce pathophysiological processes such as oxidative stress and inflammation, and is the most prominent risk factor for the development of skin cancer (11) (12) (13) . Increasing evidence supports the role of oxidative stress in cancer development (14) (15) (16) . The UV response in skin is a multifaceted biological process with complex signaling pathways that ultimately determine the fate of the skin cells (12, 17, 18) . Although the precise molecular mechanism underlying these events remains elusive, an increasing body of evidence indicates that detrimental UV irradiation triggers oxidative stress, DNA damage, and apoptotic cell death (11, (19) (20) (21) (22) (23) . Therefore, understanding the molecular mechanisms that underlie the process of apoptotic cell death in UV exposed keratinocytes will help decipher the pathological basis of clinical skin disorders including skin cancer and will facilitate the development of novel therapeutic strategies.
While UVB is a pro-oxidative stressor with profound effects on skin (24) (25) (26) , the action of zinc in UVB-induced cell death is largely unknown. Zinc homeostasis is affected by oxidative stress, which is suggested to be a potent trigger for detrimental zinc release from its intracellular storage (10, 27, 29) . In this study, we investigated the potential dysregulation of zinc homeostasis using human epidermal keratinocytes (HEKa) exposed to UVB radiation. HEKa were preloaded with a fluorescent zinc indicator to evaluate the change of intracellular zinc after UVB irradiation. Our study showed that UVB irradiation evoked an increase of intracellular zinc. Staining with a cell viability indicator revealed that the increasing zinc or zinc accumulation in HEKa was associated with UVB-induced cell injury/death. The increase in [Zn 2+ ] i via the application of exogenous zinc reduced HEKa viability as a function of both zinc concentration as well as exposure time, representing a novel detrimental factor in the viability of skin cells. Thus, the UVB irradiationinduced zinc overload may be a necessary step in UVB induced cell death signaling pathways.
Materials and methods
Materials. Newport Green AM, FluoZin-3 AM, MTT [3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide], TPEN [tetrakis-(2-pyridylmethyl)ethylenediamine], 1,10-phenanthroline and propidium iodide were purchased from Invitrogen (Carlsbad, CA, USA). Pyrithione (1-Hydroxy-2-pyridinethione sodium salt), and buffer salts were purchased from Sigma (St. Louis, MO, USA).
HEKa culture. HEKa cells and growth medium were purchased from Invitrogen and seeded into collagen coated 24-well plates or 35-mm glass bottom petri dishes. Cultured cells were maintained in a humidified incubator with 5% CO 2 at 37˚C, and maintained in Epilife Medium containing Epilife defined growth supplement according to the manufacturer's instructions. Cells were routinely subcultured prior to reaching confluence.
UV irradiation. Direct UVB irradiation of cultured HEKa cells was employed as follows: Cells grown in 35-mm glass bottom petri dishes were mounted on the stage of a fluorescence microscope with a UV-light source (8 watts, 3 UV™ lamp, UVP, Upland, CA) suspended above the stage. This arrangement of experimental setup avoided potential artifacts by motion, and enabled continuous fluorescence acquisition before and after the irradiation. UVB intensity in this experimental setup was monitored (average UVB intensity = 7 mW/cm 2 ) and UVB exposure times were employed so as to achieve the UVB dosages indicated in the text.
Intracellular zinc measurement.
All imaging experiments were performed in HEPES medium containing the following (in mM): 130 NaCl, 5 KCl, 8 MgSO 4 , 1 Na 2 HPO 4 , 25 glucose, 20 HEPES, 1 Na-Pyruvate; pH adjusted to 7.4 (HEPES medium). Cultured cells were rinsed 3 times with PBS and then were loaded with either Newport Green AM (10 μM) or FluoZin-3 AM (10 μM) for 30 min at 37˚C. After dye loading, cells were rinsed 3 times with PBS and equilibrated to room temperature for 30 min prior to use. Fluorescence was monitored using a customer-designed inverted fluorescence microscope equipped with a mercury lamp light source. Images were processed and analyzed using Image-Pro or NIH ImageJ software. Cells were monitored using a 488/15-nm BP filter for excitation and a 530-nm LP emission filter.
Viability assays
Propidium iodide (PI) assay. Following experimental treatments, the viability of HEKa cells was analyzed by PI assay. PI is excluded from entering the lipid bilayer because of the molecule size and charge, but in nonviable cells, the dye freely enters the damaged membrane to bind nucleic acids (DNA and RNA) and yield bright red fluorescence. In this study, PI was used at a final concentration of 10 μg/ml in HEPES medium. Cells were incubated in PI solution for 30 min at room temperature and PI uptake was measured using an inverted fluorescent microscope with a mercury lamp light source. PI uptake was monitored using a 543/20 nm BP excitation filter and a 580 nm LP emission filter.
Colocalization analysis. Colocalization experiments were conducted using a Zeiss LSM 510 (confocal) microscope as previously described (30) . Cultured cells were examined using a Plan-Neofluar 10x or 40x objective. Cells were subjected to the indicated UVB dosages, and then switched to perfusate containing the following reagents, which were applied at the final concentration dissolved in HEPES medium. The extracellular form of Newport Green (hexapotassium salt) was used at a final concentration of 10 μM and was imaged with excitation by a 488-nm laser line and a BP505-530 emission filter. PI was used at 10 μg/ml with excitation by a 543-nm laser line and a BP560-615 emission filter. The two fluorescence channels were scanned sequentially to avoid crosstalk between signals. Images were processed and analyzed using Zeiss software. The colocalization of red and green image pairs was measured and the Pearson's correlation coefficient was used to assess statistical significance where p≤0.05 was considered significant.
Cytotoxicity (MTT assay).
The MTT assay is based on the production of purple formazan pigment from methyltetrazolium salt by the mitochondrial enzymes of viable cells. The color density is proportional to mitochondrial enzyme activity, reflecting the number of viable HEKa. Therefore, the MTT assay is sensitive to the function of active mitochondrial enzymes, which typically lose activity early in the progression towards death. After exposure to the indicated experimental treatments, the viability of HEKa cells grown in 24-well plates was analyzed by MTT assay. Cells were rinsed 3 times with PBS, equilibrated for 30 min at 37˚C, then were incubated for 4 h at 37˚C in PBS containing MTT at a concentration of 1 mg/ml. Following incubation the MTT solution was aspirated, wells were rinsed three times with PBS, and the deposited formazan crystals were solubilized in DMSO. The absorbance of the MTT was measured at 570 nm using a BioMate 3 spectrophotometer (Thermo Scientific, Rochester NY). The viability of cells in each treatment group (8 wells per group) was expressed as a percentage of the control group. Significant differences between groups were evaluated by a one-way analysis of variance (ANOVA) where p≤0.05 was considered significant.
Results

UVB irradiation induces an increase of intracellular zinc in
HEKa. To measure the intracellular zinc after UVB irradiation, HEKa were preloaded with the fluorescent zinc indicators. Cells seeded in petri dish were then placed and held on microscope stage for UV exposure and fluorescence measurement. This arrangement of experimental setup avoided potential artifacts by motion, and enabled continuous fluorescence acquisition before and after the irradiation. Data in Fig. 1 were acquired in the cells preloaded with fluorescent zinc indicator Newport Green (K D zinc = 1 μM, 10 μM) and show that, after the irradiation, there was a substantial increase in intracellular zinc concentration. The increase in intracellular zinc was detected immediately after UVB irradiation, and was dose-dependent with the irradiation (Fig. 1B) . The change of zinc fluorescence was observed after only 15 sec (105 mJ/cm 2 ) irradiation, and higher fluorescent intensity was measured after longer irradiation. The UVB dose-dependent increase appeared to reach peak with 5 min (2,100 mJ/cm 2 ) for Newport Green loaded cells. The increase in intracellular zinc by UVB irradiation was verified with another fluorescent zinc indicator FluoZin-3 (K D zinc = 15 nM, 10 μM). As in Newport Green the increase was also dose-dependent with UVB irradiation recorded in HEKa preloaded with FluoZin-3 (Fig. 1C ). Higher fluorescent intensity was measured after longer irradiation. Based on the affinity of Newport Green (K D zinc = 1 μM) to zinc and the range of its fluorescence detection previously described (31), the maximum amount of accumulated zinc released by UVB irradiation was estimated to be ~10 μM.
UVB induces rising [Zn
2+ ] i and cell death. The accumulation of intracellular zinc has been implicated to be a detrimental factor associated with cell injury/death (6-10). Next, we determined whether UVB induced zinc increase was associated with cell injury or cell death. In this study, cell viability after the radiation was comparatively determined with dual staining of propidium iodide (PI), a conventional marker for cell injury, and Newport Green, a fluorescent zinc indicator, in HEKa. As expected, extensive UVB irradiation (3,150 mJ/cm 2 ) induced an accumulation of intracellular zinc. When viewed using a fluorescence confocal microscope (645-nm filter) after the irradiation (Fig. 2) , cells with green Newport Green staining also showed contrasting red PI staining. Therefore, the dual fluorescent staining, or colocalization, of Newport green and PI staining showed agreement between endogenous increases in intracellular zinc and indications of neuronal damage with Pearson's correlation coefficient r=0.956 (n=6) (30, 32) after UVB irradiation. These data suggested that cells with rising intracellular labile zinc after UV radiation were damaged and became necrotic or were undergoing apoptotic cell death.
Exogenous zinc induces cytotoxicity in HEKa. We then investigated whether zinc can cause HEKa death. If zinc is directly associated with or mediates UVB-induced cell injury/death, increases in intracellular zinc via the application of exogenous zinc will cause the reduction of HEKa viability. In this set of experiments, we treated cells with zinc (ZnCl 2 ) and its ionophore (Na-pyrithione) that facilitated the influx of zinc into cells and the subsequent increasing in intracellular zinc (facilitated by co-application of zinc ionophore pyrithione) (33) (34) (35) (36) . First, cell viability was measured, similar to above, with PI to stain dying or dead cells. HEKa were treated separately with various concentrations (1, 10, and 100 μM) of zinc with 30 min incubation. The increase in intracellular zinc produced concentration-dependent cell death (Fig. 3) . The cell death appeared to develop rather quickly; there was an increase in PI positive cells in the treatment of 1 μM zinc for 30 min. The treatment with 10 or 100 μM zinc caused more than two or three times, respectively, higher PI positive cells than in the control. Total cell death (the positive control) was induced by lysis with 1% (v/v) Triton X-100. The incubation of cells with 10 μM zinc for 30 min produced ~30% of total death.
Finally, zinc cytotoxicity of HEKa viability was further tested by MTT cell viability assay in separate experiments. Similar to PI assay, the MTT results demonstrated a concentration-dependent cytotoxicity after exposure to zinc for 30 min (Fig. 4) . The cytotoxicity was evident at 10 and 100 μM zinc applications. The percentage of MTT reduction (relative to normal control) observed after 30 min exposure at concentrations 1, 10 and 100 μM was 3, 61, and 85%, respectively, with a further reduction to 100% by lysis with Triton X-100 (data not shown). The greater toxicity measured by the MTT assay is likely a result of the differences in the viability assays, where the MTT assay largely measures overall mitochondrial reduction potential; which would likely be lost prior to the development of the membrane damage measured by the PI assay. Further, mitochondria have been widely reported to be inhibited by increases in intracellular zinc (37) (38) (39) .
Discussion
The major finding in the present work is that the accumulation of intracellular free zinc in HEKa may be a detrimental factor in UVB-induced skin injury or cell death. The present study shows that UV irradiation produces rising zinc levels in cytosolic space (Fig. 1) . We demonstrate further that the accumulation of intracellular zinc is colocalized in the same cells that show positive PI staining (Fig. 2) after UV radiation, suggesting that the rising zinc is associated concomitantly with the radiation induced cell death. The possible cytotoxicity of zinc induced by UVB irradiation in HEKa is further supported by the results of exogenous zinc application that directly increases intracellular labile zinc. The applications of zinc directly into media induced the concentration-dependent HEKa injury/death as determined using two viability assays, the PI assay (Fig. 3) and the MTT assay (Fig. 4) . Cell viability was reduced and apoptosis was enhanced with increasing zinc concentrations. Thus, the results in the present study demonstrate a potentially important link between alteration in intracellular zinc homeostasis and apoptotic effects associated with UV-induced oxidative stress in HEKa.
UVB radiation is known to be a potent inducer of significant amounts of reactive oxygen species (ROS) production, which have been implicated in skin inflammation and cancer. Though the exact mechanism behind UV-induced toxicity is yet to be elucidated, many studies have suggested oxidative stress playing an important role in UVB elicited DNA damage, cell membrane disruption and subsequent cell death (11) (12) (13) (24) (25) (26) . Several lines of evidence indicate that oxidative and nitrosative stress lead to an increase of intracellular zinc and zinc cytotoxicity that may, in turn, stimulate and interfere with signaling pathways (8) (9) (10) 40, 41) . Zinc is normally tightly regulated inasmuch as intracellular concentrations of free zinc have been estimated to be in the pico-or nanomolar concentration range (2, 5, 6) . For example, levels of free zinc are several orders of magnitude less than that of calcium (42) . A loss of this zinc homeostatic control causes cell injury or death via apoptosis or, in extreme circumstances, necrosis.
In this study, we demonstrated that UVB-mediated toxicity alters cellular zinc homeostasis. Given the fact that there is a well documented link between zinc accumulation and oxidative stress-induced cell death, there is a welldefined possibility that the release of zinc observed in this study is due to oxidative modification of zinc containing proteins. Among the intracellular proteins that maintain zinc at such low concentrations are the metallothionein (MT) proteins, capable of sequestering up to 7 zinc ions per monomer (1), and thus provide strong buffering capacity for cytosolic zinc. There is growing evidence suggesting that Zn 2+ is released from the metalloproteins such as metallothioneins following oxidative stress (43) (44) (45) .
Our data show that, after UVB irradiation, there is a substantial increase in intracellular zinc concentration. The increase in intracellular zinc is detected immediately after UVB irradiation, and shows a dose-dependent relationship with the irradiation. For example, the change of zinc fluorescence was observed after only 15 sec (105 mJ/cm 2 ) irradiation, and higher fluorescent intensity was measured after longer irradiation. The UVB dose-dependent increase appeared to reach a peak with 5 min (2,100 mJ/cm 2 ) for Newport Green loaded cells, with 2 min (840 mJ/cm 2 ) for FluoZin-3.
However, this may not be the highest intracellular zinc released by UVB as the fluorescent zinc detection is associated with the K D value or the range of a fluorescent indicator. UVA was also shown to produce increases in intracellular zinc when it was measured more than one hour after cells was irradiated (46, 47) . In the present study the continual changes in zinc fluorescence were measured immediately before and after the irradiation. It remains to be seen if UVA radiation can also induce an immediate rise of zinc. Taken together, these observations are consistent with a model that oxidative processes release zinc from MT by redox regulation (29) . Although the mechanism which accounts for the increase in cytoplasmic zinc is still elusive, the available data suggest that zinc release occurs via a ROS-mediated pathway (11, 40, 41, 43) . Thus, ROS induced by UVB radiation may attribute to UV-induced rising zinc in HEKa through oxidative stress. Accumulating evidence indicates that zinc is also involved in oxidative cytotoxicity of other pathological conditions, such as ischemia/reperfusion, head trauma, Alzheimer's disease, endothelial cell death of cardiovascular disease, impaired immune responses, and hepatic oxidative stress (7, 8, 41, 45) . Interestingly, zinc itself is a strong inducer of oxidative stress by promoting mitochondrial and extra-mitochondrial production of reactive oxygen species (48) . In contrast to the biological necessity of relatively lower concentrations of zinc, elevated levels of this ion has shown to be potently toxic to eukaryotic cells (7, 49) . In the present study, we directly increased the intracellular zinc with the application of zinc and its ionophore, which induced a greater reduction in HEKa viability (Figs. 3 and 4) . This observation is consistent with the literature concerning zinc toxicity (7) .
Zinc was applied for only 30 min in the cytotoxicity tests of the present study. We project that prolonged incubation with zinc would induce greater cell injury/death. While the cellular mechanisms of zinc mediated apoptosis and cell injury is still elusive, we have noted the fact that the proposed cell death pathways triggered by intracellular free zinc are very similar to that induced by UVB radiation. For example, the accumulation of zinc (as well as UVB radiation) have been reported to activate the pro-apoptotic mechanisms such as 12-LOX, ERK1/2 or p38 MAPK (35, 43, 50, 51) . Zinc accumulation or dyshomeostasis is also reported to impair mitochondrial function leading to a loss of mitochondrial membrane potential (ΔΨm), as well as to increased generation of ROS and the mitochondrial apoptogenesis (37) (38) (39) . Thus, the rising zinc observed in the present work could be a newly observed factor in UV-induced signaling pathways given its ability to amplify the production of ROS. UVB induced zinc dyshomeostasis and oxidative stress might act synergistically to promote phototoxicity. Thus, we need to explore further the possible contribution of crosstalk between ROS and zinc to UVB-induced apoptotic signal pathways.
Zinc also has direct antioxidant effects and is known to participate as cofactor of several antioxidative enzymes including superoxide dismutase (SOD) (52) . Zinc deficiency certainly increases oxidative stress as well (53) . It seems reasonable to assume that the action of zinc is concentrationdependent. While moderate increases protect cells from oxidative stress, higher amounts have the opposite effect. In the case of UVB-induced rising intracellular zinc, the initial increase of zinc may even be beneficial, perhaps with zinc acting as an antioxidant since it is required by several ROS scavangers such as Cu/Zn SOD. However, continuous zinc increases are detrimental. While the mechanisms by which zinc mediates or prevents oxidative stress-induced injury are complex, cells are also expected to possess a specific zinc set-point [pZn as described in (7, 54) ], by which too little or too much zinc can promote cellular demise. As such, the alteration of zinc homeostasis can upset the delicate balance by which zinc exerts its toxic or protective capabilities. Finally, oxidative cell death may be merely one of the consequences caused by zinc accumulation. As zinc is integral to the production of many functional proteins, and transcription factors, the disturbance of zinc homeostasis by UVB may have multifaceted effects such as DNA damage and the development of skin cancer, possibilities which merit further investigation.
